Two theories continuously clash: does sleep downscale or potentiate synapses? A study in Neuron by Gonzá lez-Rueda et al. (2018) demonstrates overall synaptic depression during anesthesia-induced slow-wave activity. Because anesthesia is typically associated with amnesia, the question of whether slow-wave sleep potentiates or depresses cortical synapses remains open.
Background
Multiple lines of evidence suggest that sleep is associated with memory consolidation (Rasch and Born, 2013) . One plausible hypothesis that dominates in the field proposes that synaptic plasticity is a key element of memory formation. Synaptic plasticity depends on exact patterns of activities in studied synapses and the whole state of neurons. Here is where the general agreement on sleep, memory consolidation, and plasticity stops.
First, sleep is not a uniform state, and it is composed of both non-rapid eye movement (non-REM) and rapid eye movement (REM) states. Neuronal activity and neuromodulatory state are very different in these two sleep states. During waking, the membrane potential and the firing of cortical neurons are relatively stable. Similar patterns can be found during REM sleep ( Figure 1A ). Input impedance is highest during wake, whereas cortical inhibitory responses are much reduced during REM sleep (Steriade et al., 2001) . Therefore, cortical neuronal responses to incoming synaptic volleys are not similar during wake versus during REM sleep. Non-REM sleep expresses a large variety of activity patterns: spindles (8-to 16-Hz oscillations) and K-complexes (isolated slow waves) dominate stage 2, while slow oscillation and delta activity-both composed of slow waves but occurring at different frequencies and showing different dynamics during the whole night of sleep-dominate slow-wave sleep (SWS) ( Figure 1A ). Because most studies on sleep-dependent plasticity focus on SWS, we will not further discuss plasticity related to REM sleep.
Second, two main contradictory hypotheses of plasticity processes that might take place during SWS have been proposed: sleep-dependent synaptic downscaling (Tononi and Cirelli, 2003) and sleep-dependent synaptic consolidation (Rasch and Born, 2013) . The sleep-dependent synaptic consolidation theory proposes that sleep reinforces strong synapses formed during wake. This is achieved via multiple routes, and ripple-associated replay during SWS is proposed as the key mechanism launching the consolidation of newly acquired memories.
In 2003, Tononi and Cirelli, 2003 proposed an original hypothesis of sleepdependent synaptic downscaling. According to this hypothesis, the acquisition of memory that takes place during wake leads to synaptic facilitation that goes through the whole wake period, and sleep leads to synaptic downscaling in order to liberate synapses for facilitation during the next wake episode. Over the last one and a half decades, multiple molecular, physiological and morphological studies have tested this hypothesis and the results are not conclusive (Frank, 2013; Timofeev and Chauvette, 2017) . The major support for this hypothesis comes from indirect evidence. The most straightforward finding supporting sleep-dependent synaptic downscaling comes from experiments showing the prevalence of new synapse formation during wake and synapse elimination during sleep (Maret et al., 2011) . However, this phenomenon was found in young mice only, not in adult mice (Maret et al., 2011) ; therefore, it can be associated with infantile amnesia, but not memory consolidation.
The Study and Comments
The study by Gonzá lez-Rueda et al. (2018) attempts to shine more light on the role of SWS in long-term synaptic plasticity: does it potentiate or downscale synapses? Summarized, the major finding of this study demonstrates that synaptic connections from layer 4 to layer 2-3 neurons in young, urethane-anesthetized mice reveal long-term depression associated with UP states.
Gonzá lez-Rueda et al. (2018) uses a variety of elegant spike-timing-dependent and related plasticity protocols to study how cortical dynamics affect long-term plasticity. To date, spike-timing-dependent plasticity protocols have not been used to study sleep-dependent plasticity. In this protocol, initially developed in neuronal cultures, when synaptic depolarization is followed by a postsynaptic spike, the synapse develops long-term potentiation; when a postsynaptic spike is followed by synaptic excitation, the implicated synapse develops long-term depression (Bi and Poo, 1998) . The authors reasonably choose to stimulate layer 4 cells of barrel cortex, the layer that receives sensory thalamocortical input, and they recorded activities of layer 2-3 pyramidal cells to which layer 4 neurons project. A closed-loop stimulation protocol enables the authors to apply stimuli either during active (''up'') states or silent (''down'') states. The authors found that during down states, when the network activity is absent, spike-timingdependent long-term synaptic potentiation and depression can be elicited, and they follow the same rules as originally described in silent in vitro networks (Bi and Poo, 1998) . Authors characterized this experiment as artificial in its nature because neurons do not fire spontaneously during down states. This is true. However, at a transition from down to up states in layer 5 neurons, the firing could occur just a few milliseconds after the beginning of the active state ( Figure 1C ) when neurons from other cortical layers are still hyperpolarized. Therefore, if spike-timing-dependent plasticity works in layer 5 neurons, spontaneous activities must lead to long-term synaptic potentiation. In the next experiment, the authors stimulated neurons only synaptically, during up states, and such stimulation led to long-term depression that depended on non-postsynaptic-likely presynaptic-NMDA receptors, although urethane partially blocks NMDA receptors. During waking state, the neurons stay continuously in the up state ( Figure 1) ; thus according to this study, if stimulated, they should display continuous long-term depression. To what extent depression during wake prevails over depression produced during sleep remains to be investigated in future studies.
The depolarization of neurons during the down state to the level of the up state or the hyperpolarization of neuron during the up state to the level of the down state yield results similar to the ones obtained without manipulation of somatic voltage. The likely explanation for this is that the membrane potential by itself is not responsible for long-term synaptic plasticity. Contrary to down states (see Figure 2 in Gonzá lez-Rueda et al., 2018), the typical spike-timing-dependent plasticity protocol applied during up states did not induce potentiation if synaptic activation preceded intracellular triggered spike by 10 ms; this was likely a compensatory process, as synaptic stimulation alone induced depression. If a postsynaptic spike was evoked before synaptic stimulation or followed synaptic stimulation by 50 ms, the stimulating protocols led to long-term depression.
This study led to several very important conclusions. First, cortical network activity influences synaptic plasticity rules. This could depend on multiple factors, including membrane shunting, ionic dynamics, availability of neurotransmitters, receptor saturation, etc. Second, the majority of stimulating protocols used demonstrate spike-timing-dependent depression that is taking place during up states. This result suggests that if network activity is dominated by active state-like persistent up state during waking-the synapses should normally be depressed, although such a possibility was not tested experimentally.
The bulk of the study was done on 2-to 3-week-old mice. In general, neuronal plasticity undergoes dynamic changes over a lifetime. If, in 2-week-old rats, most synaptic connections show shortterm depression, at 4 weeks, most synapses become facilitating (Reyes and Sakmann, 1999) . To address this issue, Gonzá lez-Rueda et al. (2018) performed an experiment on mice aged 4-7 weeks (see Figures S3D-S3F in Gonzá lez-Rueda et al., 2018) . In this experiment, the synaptic stimuli were applied during up state only, and the authors report the presence of some synaptic depression that is much milder than in younger animals (see Figures 3A and S3A-S3C in Gonzá lez-Rueda et al. 2018) .
We believe the authors slightly overinterpret their results suggesting that sleep favors synaptic depression, which may provide a basis for sleep-dependent memory consolidation. The reasons are the following: first, in the study done by Gonzá lez-Rueda et al. (2018) , there was no attempt to investigate sleep and wake. All experiments were done under urethane anesthesia; therefore, it was not possible to compare responses elicited during sleep with responses elicited during wake. The authors' Figure S2 (A) Three segments of simultaneous recording of neck muscle electromyogram (EMG) intracellular activities from area 7 (left hemisphere) cortical neuron and area 7 (right hemisphere) local field potential (LFP) in a cat during wake, slow-wave sleep, and rapid eye movement (REM) sleep. Wake and REM sleep are characterized by activated (low amplitude, high frequency) LFP activities. The membrane potential shows persistent active, or up, state: relatively stable membrane potential and relatively regular firing. The muscle tone is high during wake and it is absent during REM sleep. During slow-wave (SWS) sleep the muscle tone is lower than in wake, the LFP shows large-amplitude slow waves, and intracellular activities are characterized by an alternation of active (depolarized, or up) states and silent (hyperpolarized, or down) states. The typical frequency of slow-wave activity during SWS is around 1 Hz. LFP and intracellular activities similar to SWS can be recorded in urethane-anesthetized animals. (B) and (C) Segments from A are expanded as indicated. The study by Gonzá lez-Rueda et al. (2018) demonstrates that, depending on the protocol of stimulation in urethane anesthetized mice, down states favor either long-term facilitation or depression and up states favor long-term synaptic depression (C, red text and arrows). The transition from down to up states shows conditions similar to the stimulating protocol triggering long-term synaptic facilitation (green text and arrow). The sign of synaptic plasticity during wake (B, blue text and arrow) was not investigated by Gonzá lez-Rueda et al. (2018) , but if the described rule of synaptic depression during up states of sleep-like activity will apply to up states recorded during wake, then waking state must be associated with major synaptic depression.
suggests that, during SWS-like activity, the duration of silent states was in the order of 1 s, while during SWS it typically does not exceed 300 ms. This difference could have a dramatic effect on expressed plasticity. Needless to say, the activity of neuromodulatory systems is likely very different during sleep versus during anesthesia. One of the objectives of general anesthesia is to induce amnesia (Rudolph and Antkowiak, 2004) . Therefore, the observed long-term plasticity in this study can likely be considered as a potential mechanism for anesthesiainduced amnesia, but not sleep-induced memory consolidation.
Going Further
One of the most intriguing questions of modern neuroscience is why we need sleep. Since the initial publication by Tononi and Cirelli, 2003 of a stimulating hypothesis of synaptic remodeling during sleep, major efforts were put forward to test this, and current interpretation of the resulting experiments formed two opposing views: sleep-dependent synaptic downscaling versus sleep-dependent synaptic consolidation. Unfortunately, most previous studies were not direct: either synaptic efficacy was evaluated by indirect measures or, like in Gonzá lez- Rueda et al. (2018) , there was no sleep and wake but anesthesia as a model of sleep. The ideal experiment would be to first evaluate synaptic efficacy of some set of synapses, to then train the animal to do some task and monitor this synapse, and then to let the animal sleep and to continue to monitor the efficacy of the same synapse. Such an experiment is not impossible, but is practically very difficult to do with the current electrophysiological techniques. However, recent developments in optical techniques and voltagesensitive fluorophores could make such experiment very doable in the near future.
In this issue of Neuron, Sato et al. (2018) combine proteomics and a stable isotope labeling method to examine different forms of tau and their kinetics in human neurons, brain, and cerebrospinal fluid and how these properties relate to clinical state and pathology in Alzheimer's disease.
In 1986, one year after the sequencing of amyloid b (Ab) in plaque cores in Alzheimer's disease (AD) brains, data were published showing that neurofibrillary tangles-the other major neuropathological hallmark of AD, the amount of which correlates with dementia severity-are composed of abnormally phosphorylated and truncated forms of tau (GrundkeIqbal et al., 1986) . Tau is a microtubulebinding axonal protein that promotes microtubule assembly and stability. There
